We examine the dimensional limitations of Licensed Shared Access (LSA) regulatory framework for spectrum sharing and propose a solution for its more dynamic implementation. We consider an additional dimension for sharing, beyond those of time, space and frequency, i.e. the sharing of the infrastructure. We explain why we believe that the emerging regulations and use-case scenarios are limiting the potential of LSA, and with this in mind make a set of recommendations to unlock it fully. As a specific case study, we present our architectural work around Cloud-based Radio Access Network (C-RAN) and LSA to demonstrate the possibility of a dynamic implementation of multiple incumbents and multiple LSA licensees engaged in sharing. Our case study highlights multiple ways for LSA framework to evolve into a global and flexible sharing model, and prove that LSA and C-RAN are a good match to rethink how we look at networks targeting a more flexible, efficient and profitable way of operating them.
Introduction
It is possible to envision that time, frequency and space with the infrastructure will act as key enablers of the spectrum sharing paradigm for 5G and beyond networks. These dimensions should intersect and interact to support more sophisticated forms of sharing, challenging the traditional ways we look at networks.
To unpack this statement, we compare the dimensional limitations of spectrum sharing with the Flatland world of two dimensions by E. A. Abbott, where characters lack sight and senses to perceive the higher dimensions. In the world of spectrum sharing, the three-dimensional limitation imposed with time, frequency and space may be an obstacle to achieve more powerful solutions. We aim to explore the intersection of spectrum sharing dimensions by adding a further dimension into the pool -through sharing the infrastructure. One could argue that the infrastructure dimension adds to the complexity of an operator's network, but we believe that adding dimensionality into the problem increases the flexibility and helps to overcome limitations.
We put in the spotlight the infrastructure of a Cloud-based Radio Access Network (C-RAN) [3] coupled with a Distributed Antenna Systems (DAS) or Massive Distributed MIMO (MD-MIMO), where infrastructure elements are deployed in a coordinated way. We look beyond state-of-the-art of C-RAN and take a step further -to consider sharing and renting of the infrastructure resources to address the cost efficiency and resource utilisation challenges. Previous work [1] , [2] points out that such a scenario offers network operators a higher degree of flexibility in pursuing cost efficiency trade-off in order to provide a service. Results showed that a virtual operator can transmit up to an order of magnitude more information at the same cost while relying on a trade-off between resources, as opposed to relying on using one resource only: more antennas or more additional Licensed Shared Access (LSA) spectrum from the pool to operate successfully.
LSA, recently proposed as a sharing framework, introduces two tiers of users: incumbent (existing user in the band) and an LSA licensee (new entrant sharing the spectrum of an incumbent) [5] . The sharing arrangement between the tiers is based on a set of rules defined by the regulators aiming at the guaranteed level of QoS for both. In frequency bands where spectrum resources are under-utilised in time, space and/or frequency, the sharing happens in a binary mode -either incumbent uses the spectrum or a licensee.
We aim to show how LSA can be implemented as a more general regulatory framework [5] for sharing. In this paper, we are offering a way to move from one-to-one type of implementations to many-to-many by bringing the infrastructure into the picture so that more dynamic scenarios of LSA (number of incumbents, number of licensees and the channels they operate on varying over time or space) can be implemented.
Our contribution is two-fold. The first step is to translate extracted information from a regulatory language into a more understandable form and to bring it together with the current LSA literature to explain how it lacks flexibility. We suggest directions for the modified regulatory scheme of LSA: LSA-Advanced framework. The second step is a case study with the architecture that will allow us to showcase the active sharing of infrastructure and spectrum in a multiple incumbents and multiple LSA licensees interaction.
We build our story around the concept of extending the dimensionality to overcome limitations. In this paper, we look beyond LSA and beyond C-RAN current state-of-the-art to bring together these two concepts in a highly dynamic, heterogeneous, virtualised network accommodating a diverse range of players, users, resources and technologies to shape the future networks for an expressive, competitive market.
LSA Today
LSA regulatory framework promotes the idea of sharing on licensed basis rather than using a free-for-all commons approach and is complementary to both extremes of having and not having the license to spectrum rights. In response to the Radio Spectrum Policy Group (RSPG) report [4] , several high level regulatory deliverables, defining the LSA sharing framework and its standardization, have been published by the ECC, EC and ETSI [5] , [10] .
The regulators see the LSA concept as a two-step framework of (1) frequency allocations and (2) frequency assignments/authorisations [12] . During step one, the allocation is applied to a specific incumbent without prejudging the modalities of step two, namely what systems and services will be authorised as sharers (new entrants). According to the regulatory details, the LSA sharing framework is also supposed to be agnostic to the choice of access technology, network deployment or application of spectrum usage. This general approach opens the way for new entrants and different kind of actors e.g., virtual operators as service providers who will compete in the market. The LSA license is envisaged and defined as an individual right of use, delivered by the Administration to the LSA licensee. LSA can be seen as a means of an incumbent holding the long-term primary rights of use of a band that it might otherwise need to vacate, were it not willing to share. Obviously these benefits need to be balanced by the risk of the spectrum resources being unavailable for periods of time in specific geographical areas. Thorough examination of regulatory deliverables suggests that there is the possibility of compensation from the users availing of the LSA scheme [5] opening space for a more comprehensive incentive system. Currently, the LSA architecture reference model is under development [9] . It is based around the concept of an LSA Repository and an LSA Controller, communicating through a reliable path and standardised interface. The LSA Repository will support the entry and storage of the sharing arrangement information and incumbent's protection requirements. The LSA Controller manages access to the spectrum.
Getting access to spectrum resources through LSA requires a mindset change for the licensee(s), in that they must rely on not exclusively owned spectrum, and as a result the licensees are dependent on incumbent usage statistics. Sharing may also mean increased operational and technical complexity. In principle, the LSA licensee can hold on to the incumbent's spectrum as long as the incumbent does not use it. In reality, incumbent's usage in the band can be unpredictable, depending on the nature of its application. The potential need to evacuate the spectrum in case the primary holder needs it back is where in essence, LSA and exclusively licensed spectrum differ. An evacuation request is sent by the incumbent, via the LSA Database to the LSA Controller and passed to the OA&M in traditional RAN deployments. OA&M then configures and coordinates the network, vacating the spectrum according to the request (graceful exit of the band or faster response time required in urgent situations [11] ). Sharing options between the incumbent use (in 2.3GHz) and Wireless BroadBand (WBB) use are described in [13] , but technical conditions and implementations of sharing under LSA should be described at national level, considering the diverse incumbent use in 2.3GHz across CEPT countries.
In principle the LSA framework is generic enough to allow: 1) different kinds of service providers as licensees and 2) for the LSA frequency choice not to be linked to a specific band. In practice however, EU trials [7] and regulatory deliverables [5] , [10] , [11] , [13] currently interpret and implement the LSA framework for: 1) traditional MNO acting as LSA licensee and 2) 2.3 GHz band. Following closely LSA research in the EU and engaging actively in discussions with the EU regulation and standardisation bodies, points to the idea that exploring more dynamic, flexible, open and more general LSA scenario could be the next step.
With this in mind, we frame our suggestions and recommendations in Section 3 section as features of the LSA-Advanced sharing framework.
3 Re-envisaging LSA for 5G and beyond
For those who fundamentally believe in spectrum sharing, LSA is a move in the right direction as it challenges the notion that incumbents who do not make optimal use of their frequency allocation can simply sit in these frequency bands without consequence. It is a move towards a share it or lose it perspective and therefore much welcome from a sharing perspective. However, we contend that the emerging regulations and use-case scenarios are limiting the potential of LSA and with this in mind make the following set of recommendations.
• LSA should not only be interpreted and implemented as a one-to-one relationship between the incumbent and sharer but extended to enable many-to-many type of relationship. We see signs of this move in the recent work of ETSI RRS group [9] , considering a one-to-many type of incumbent-licensee interaction. Its dynamic interpretation could be set for multiple incumbents and multiple licensees engaging in the sharing arrangement, with flexible rules, adaptable to the spectrum environment in a cognitive radio (CR) fashion to get through the benefits of sharing.
• In the 5G context, it is crucial the LSA licensee is not simply seen as a traditional MNO (as in most of the current use-case scenarios) but rather that other types of systems and services can share. There is a huge potential in the LSA framework to become a market oriented model in a wider setting than at present -by using its principle of sharing the exclusivity as an advantage.
• Exclusive assignments, given for a long time, which are also renewable are the main cause of spectrum underutilisation. The LSA framework currently recommends long-term licenses to provide security to the MNOs [5] , but LSA should support highly dynamic as well as more static longer term sharing scenarios.
Flexible licensing regime (a mixture of long-, medium-and short-term models) would put different types of licensees under the LSA umbrella -those who seek multi-year assurance, those who operate on a shorter time scale (up to 3 years or less) and those who rent the rights of use for few minutes during rush hour or couple of hours of an important event. How successful such solutions would be depends on transaction costs, regulatory framework and limitations of sharing rules.
• LSA is currently a two-tier system, consisting of an incumbent and a licensee with specific well-defined access rights. We contend that the three-tier approach based along the lines of the PCAST framework for the 3.5GHz band in the U.S. is much more powerful [6] , [8] . It allows for a third level of users, akin to the ISM band license exempt approach with additional interference constraint to protect the first two tiers. The three-tier approach is more comprehensive and allows for future expansion and can of course scale down to a two-tier approach depending on how conditions are set. The LSA-Advanced framework comes with the backward compatibility drawing on the idea explained above.
• Different mechanisms for assignment should be considered ranging from simple rule based assignments to auctions held at specific intervals to dynamic spot-auctions. The number of actors who can play a role in competitive auctions is limited when long-term, expensive licenses are issued. There should be a secondary market within LSA scheme for which there is no space in its current regulatory framework. An example of a shorter term and cheaper license purchaser is a small scale operator, not in need for a big coverage area.
• The potential of a hybrid licensing model could be explored to modify the LSA scheme. Administrative licensing (command and control approach, e.g., public safety, military)), rights of use model (e.g., users with economic perspective in mind) and a license-exempt model (e.g., low power, short range devices) could come together in the LSA framework through the diversity of users and sharers scattered around the tiered model. In this dynamic setting, incumbent's license could be awarded as a license based on actual use.
There is much work to be done on both the technical and policy side to make the above recommendations a reality. Here, we begin by tackling the coordination of multiple incumbents and multiple licensees to better make use of shared resources. We see this as a fundamental starting point and a way in which the wider vision for a future LSA system can be driven forward.
Unlocking the Potential of LSA -A C-RAN based case solution
The pace of 5G technological change and innovation is accelerating and the surface of 5G capabilities is barely scratched. With the promise of enabling fibre-like speeds, high capacity demand for Internet of Things (IoT), connected cars and ultra high-definition streaming video -it is clear that significant infrastructure upgrades will be required to enable the 5G forward vision. Performance of the network of networks will be driven by user experience, leveraged by wide range of identified use cases. Our case study is focused around high density, high and varied usage demand, low mobility users. This type of scenario (we refer to it as cloud-surfing) might map well to large sporting events (e.g., Olympics or the Superbowl) or to a specific location such as future hospital supporting many connected health services. Virtual operators will make use of whatever infrastructure and spectrum they need to provide the varied services to the subset of users. We use the term supercell to describe the area of coverage, a term associated with MD-MIMO.
C-RAN Today
C-RAN is a recently proposed network architecture characterised by (a) the centralization of the basestation (BS) processing functions in a common location, (b) the use of distributed remote radio heads (RRH) linked by high-speed links to the processing centre and (c) the use of Cloud computing principles for the pooling of the computing resources. This centralization makes the C-RAN suitable for supporting cooperative techniques such as joint scheduling, or beamforming. In addition, its elasticity and scalability allows to dynamically shape the network (e.g. number of used antennas, processing resources, etc.) as a function of economical or environmental parameters. C-RAN as currently envisaged and operated in various jurisdictions is the property of a single MNO.
Moving to More Extreme Sharing
A C-RAN based case solution combines futuristic views of LSA and C-RAN. It tackles the 5G challenges of: improving spectrum efficiency (via LSA-Advanced and MD-MIMO), resource utilisation (flexible architecture), cost and energy efficiency (C-RAN), 5G capabilities (virtualisation), technologies to improve network capacity (C-RAN with MD-MIMO), use case (hotspot coverage of a stadium), the pooling of resources, demands and services (service-driven networks concept). We see networks evolving [15] to become dynamic entities composed out of pool of consumable commodities, many of which will be shared and where the boundary between pure software and hardware resources is blurred. This pool of commodities consists of highly heterogeneous resources: information, infrastructure, Figure 1 : C-RAN network deploying LSA sharing framework knowledge, content, people, goods, RRHs, spectrum, backhaul, hypervisors, storage, processing power, etc. Fig. 1 captures the ideas and concepts involved: distributed RRHs, owned by different entities (typically, C-RAN is owned by a single entity, i.e. the MNO), are scattered around a geographical area. The architecture includes a common pool of process and storage resources. Our aim is to show that this 'pool perspective' that takes a more extreme view of sharing can make significantly better use of the resources. In Fig. 1 therefore, the virtual operators (LSA licensees) will rent or share the infrastructure according to their service and users demands (IoT, Over the Top (OTT), mobile broadband, voice&data). In essence, they rely on a trade-off between renting more antennas or more spectrum to generate revenue.
Added to the mix is a pool of spectrum made available through an LSA licensing scheme and is provided by the PMSE incumbent (common incumbent usage in 2.3 GHz band across CEPT countries). The LSA Repository stores the information on incumbent spectrum availability, sharing arrangement between the virtual operators and incumbents, and regulatory rules they follow to operate in coexistence. The LSA Controller is located in the Cloud, performing the resource allocation and updating real-time network information which virtual operators may have access to. In the specific use case, we considered four incumbent TV stations, whose spectrum allocations in 2.3 GHz band and channelization is depicted in the Fig. 1 . Network resources are accessed dynamically, according to the need. Other resources are left for other players to use
1 . The concept does not affect the LSA architecture or the interfaces between LSA system block. They remain the same, as depicted in Fig. 2 .
Prior to analysing the benefits of the proposed architecture in Section 5, we briefly discuss its implications for the coexistence issues in the LSA framework: the dynamic evacuation of the LSA band when the incumbent claims the spectrum back and the protection of the incumbent from interference.
In the case of traditional RAN deployments, where baseband processing is integrated in a base station, responding to an evacuation request in a particular region causes a certain delay, as shown with the world's [7] . OA&M communicates with each eNB active in the region where the incumbent needs spectrum back [13] . For the C-RAN deployment, the response to an evacuation request is done in one control point -in the Cloud. In fact, the C-RAN operator reacts to the evacuation request by stopping transmission of IQ data from baseband unit (BBU) pool to RRHs via high speed, low latency fibre link. In case the C-RAN operator and the LSA licensee are not the same entity, as in our case study, the only additional messaging in the evacuation information flow is between the virtual operator (LSA licensee) and the C-RAN operator (notifying C-RAN about the evacuation request received from incumbent), drawing on the idea that the LSA license holder is responsible for the interference.
System requirements for LSA describe the technical conditions for sharing and coexistence [13] in terms of adjacent and co-channel interference thresholds. Antennas are deployed in our remote network in MD-MIMO fashion. With the spatial diversity of channel conditions and a narrow beams feature, the interference that may affect incumbent sharing in a particular region with the licensee, is reduced. The control of interference is much easier because of centralised BBU pool taking into account the contribution of each RRH [14] .
Case study
We considered mobile virtual network operators (MVNOs) that rent antennas, fibre and processing resources from the infrastructure provider, C-RAN operator. The MVNOs pay for the resources in a pay-per-use fashion and they share the infrastructure. Indeed, while the LSA spectrum cannot be shared between multiple MVNOs, it is possible for multiple MVNOs transmitting in different spectrum bands to share an RRH, provided that the RRH is equipped with a multi-channel or wide-band transceiver. Processing resources cannot be shared, but we assume they are unlimited. The underlying assumption is that MVNOs and incumbents interact in a many-to-many basis. This way, when one or more incumbents return, the available resources can be reallocated to meet the MVNOs requirements.
We simulated a scenario consisting of 5 MVNOs requesting resources from the C-RAN operator to serve their users with a minimum rate requirement. We consider a centralized resource allocation scenario, where resources are allocated so as to maximize the revenue, defined as the difference between the income and the operational costs. The operational costs are a linear function of the number of antennas and used bandwidth, and the income is proportional to the rate provided to every MVNO. Resources are allocated to an MVNO only if its rate requirement is satisfied. In line with the channel restriction rules defined in the LSA framework, the resource allocation scenario only considers multiples of 5 MHz channel as possible spectrum assignments. The proposed approach exploits the concurrent allocation of diverse and partially interchangeable resources, We considered the total available bandwidth to be 40 MHz when no incumbent is in the network, and it decreases by 10 MHz for each incumbent that comes back. The minimum number of antennas used by the dynamic C-RAN per MVNO is 20 and it is the same as the number of antennas used by the static C-RAN system. The maximum number of antennas in the dynamic C-RAN system is 100. It is worth noting that the overall number of antennas in the two systems is the same and the difference in performance is due the combined flexibility provided by sharing infrastructure and spectrum and the fact that average rate per user increases with the number of antennas.
In Fig. 3 we compare the maximum number of MVNOs that can be served by the two systems as the incumbents return. In this case we considered a very high price per rate, so that the revenue is maximized when the maximum number of MVNOs is served, according to the available resources and minimum required rate of each problem instance. The results show that the dynamic C-RAN system can make better use of the available resources especially when the required minimum rate for each MVNO is higher. It should also be noted that, for a lower minimum rate requirement (see Figure 3. (a)), the dynamic C-RAN system is able to accommodate all 5 MVNOs even in the presence of 1 incumbent. By exploiting the additional flexibility of the dynamic C-RAN infrastructure, each MVNO can meet the minimum rate requirement using only 5 MHz. This means that up to 8 MVNOs could be allocated when no incumbent is present. For the static C-RAN case, each MVNO requires a 10 MHz channel to satisfy the same rate requirement. Hence, in the presence of 1 incumbent, only 3 MVNOs can be allocated. Fig. 3 also shows that the maximum number of served MVNOs decreases as minimum rate increases.
In Fig. 4 we investigate the effect of the spectrum to antenna cost ratio on the revenue of the two C-RAN systems. Results in Fig. 4 refer to a fixed spectrum cost. Our results show that as the ratio increases, the dynamic C-RAN system outperforms the static C-RAN system significantly. When the cost of antennas increases, i.e. when the ratio decreases, the difference in revenue of the two systems decreases to zero. This happens when the dynamic C-RAN system uses the minimum possible number of antennas due to their higher cost. This in turns results in a lower number of allocated MVNOs. It is important to point out that the trend observed in Fig. 4 only depends on the spectrum to antenna cost ratio and not on the absolute values of spectrum and antenna costs. The actual spectrum cost value only determines the point where the revenues of both systems are equivalent. 
Evolution towards a global, flexible model
The LSA way to share the spectrum seems to be controllable and reliable, but is it flexible? LSA rules in EU regulation are driven by a situation in a particular band (i.e. 2.3 GHz) and LSA is being interpreted as a way to unlock additional spectrum for MNOs. It does not allow different licensing regimes and rights of use under its umbrella (other than individual rights of use based on exclusivity). It does not design incentive system for tiers and does not allow unlicensed users to engage in sharing. We laid out a set of regulatory and technical suggestions to overcome these limitations.
As a specific case study, we analysed a highly flexible sharing model that combines a futuristic view of LSA with a futuristic view of C-RAN. In particular, our study relies on a many-to-many type of incumbentlicensee interaction. This licensing scheme in combination with the additional flexibility provided by the C-RAN shared infrastructure allows to exploit the available resources more efficiently. Hybrid licensing model would go beyond long-term licenses for new entrants (the main justification for operators to invest and engage in sharing). The shared infrastructure concept with C-RAN MD-MIMO reduces the investment costs and therefore enables the possibility of shorter term licenses.
The model we analysed is based on a two-tier system, as it is currently envisioned by the LSA framework. As noted in Section 3, we think that the LSA framework should evolve to a three-tier model, following the example of Spectrum Access System (SAS) -based sharing of 3.5GHz band, [6] , [8] . With the LSA-Advanced model we aim to address the features from both models (e.g., rethinking the act of classification within a hierarchical, tiered model; analysing the 'access rights' of unlicensed users, considering the value of shared spectrum when tiers interact in different combinations and extending this case study on architectural work further). Next steps are set towards identifying the technical implications of the differences between two models and comparison of their current implementations in the U.S. and EU. This will open the way for policy implications analysis and potentially overcome most of the limitations we discussed. From the regulation and implementation perspective, LSA-Advanced superset would provide a way for using spectrum more efficiently in order to dynamically respond to the needs of the service, with the demand on more of everything. It would also be an opportunity for European and U.S. regulatory and standardisation bodies to combine the two-and three-tier implementation experiences into a comprehensive regulatory and technical spectrum sharing model, applicable globally.
